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Abstract
The Irish Rail network was largely constructed in the mid-1800s. As a result of this, a significant proportion of the network is 
comprised of aged cuttings and embankments the construction of which predate modern design standards. Although most of the 
networks have remained stable for over a hundred and fifty years, a significant proportion of the network has slope angles in 
excess of those recommended in current design standards. Climate change predictions expect increased rainfall levels across 
Europe that will deteriorate these slopes further and increase incidence of failure.
Current practice when populating earthwork asset databases is to conduct a technical walkover survey. Data obtained in this way 
is susceptible to bias errors and involve subjective approximations. This is particularly evident in slope geometry attributes such 
as slope height and angle. Remote sensing data is able to improve precision while reducing bias substantially, while being a much 
faster alternative than visual assessments on a network scale. Having precise and reliable data over the entire network is a 
fundamental prerequisite when conducting relative risk assessments of assets. In this paper, post-processed findings from an 
airborne LiDAR survey of the entire Irish Rail network are presented and compared to walkover assessment data. The current 
state of assets will also be discussed in light of modern design codes, together with the implications on infrastructure 
performance. 
Slope vulnerability to shallow planar type failures is expected to increase with predicted changes in climate such as increased 
environmental loading (rainfall events are predicted to be more intense and of longer duration, with longer dry periods in 
between). This type of failure is already the dominant failure mode across Irish Rail network. Typically these failures are 
instigated by rainwater percolating into the slope to a given depth, filling available pore space thus reducing in-situ soil suctions. 
This in turn reduces the shear strength of the soil. When the percolating water reaches some critical depth failure occurs. 
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Fragility curves, a particular type of asset vulnerability assessment, provide a connection between triggering actions (such as 
rainfall) and expected damage to infrastructure assets. They can therefore be potentially useful in estimating a slope’s response to 
predicted future climate loading. An example of a fragility curve applied to a typical slope on the Irish Rail network is presented 
in this paper.
© 2016The Authors. Published by Elsevier B.V..
Peer-review under responsibility of Road and Bridge Research Institute (IBDiM).
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1. Introduction
Earthworks on the Irish Rail network that were constructed in the mid-1800s are still in daily use. Like most rail 
infrastructure of the period, it predates rigorous modern design practices. As a result much of the network was 
constructed with slope angles far steeper than allowed in current design recommendations. As a result these assets 
are more susceptible to rainfall induced shallow failures and could experience significant deterioration in condition 
if predicted climate change occurs.
To ensure optimum investment, it is imperative that infrastructure managers can quantify the risk represented by 
individual earthwork assets and rank them accordingly. This allows for strategic investment to ensure optimum 
value in terms of both cost and safety. For that reason, a risk model and decision support tool for Irish Rail was 
developed by the authors in order to rank the assets relative to each other (Doherty et al. 2014). It is based on the 
geotechnical approach to hazard assessment, where hazard is calculated using a probabilistic slope stability limit 
equilibrium model for each slope. A subsequent consequence analysis is carried out by developing scenarios in 
tandem with Irish Rail engineers which assess both the assets’ vulnerability to landslides and the temporal-spatial 
probabilities for trains and passengers should they be in the vicinity of the hazard. Risk is calculated as the 
combination of the hazard and consequence analysis.
The first phase of developing the risk model involved collating all available data and enlarging and reformatting
the existing Irish Rail asset database. In the past, data was obtained from visual (or walkover) surveys undertaken at 
set intervals on each asset across the network. Internationally this is a common practice when populating asset 
databases. The field data gathered by such surveys includes geometric and physical slope attributes such as slope 
height, slope angle, soil type, drainage type, slope condition and deterioration rating. Aside from information 
gathered from walkover surveys, the authors collated additional data sources originating from third party 
investigations. These included geotechnical site tests and laboratory data from site investigations; geophysical 
investigations including seismic refraction, multichannel analysis of spectral waves (MASW), electrical resistivity 
tomography (ERT) and ground penetrating radar (GPR); geotechnical reports and orthographic-photographs. In 
addition to these datasets the authors were able to obtain additional high precision geometric information by 
processing existing Irish Rail LiDAR scans of the entire network, while the Geological Survey of Ireland’s soil 
maps were used to determine the dominant underlying soil type in areas where no site investigation data was 
available.
As transport networks cover substantial distances, the asset length is understandably much greater than the asset 
height. As a result, there can be substantial variation in cross sectional shape along a section of the network. This 
poses a problem when evaluating the risk an asset represented by one cross sectional shape that is used to represent 
the entire asset (over some predefined asset length e.g. 100 m). Typically the critical section was taken as the 
steepest and highest section however in many cases these two metrics did not overlap in the same cross section, thus 
requiring another combination to be considered. Additionally the critical section could not be located adjacent to 
retaining walls, culverts, bridge abutments or wing walls etc. that could possibly give an unrealistic slope geometry.
2. Network statistics
A statistical analysis was carried out on the processed LiDAR geometry data (slope heights and slope angles) to 
compare the differences between the aged railway infrastructure and modern earthworks designs on the Irish 
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motorway network. Figures 1, 2 and 3 present the breakdown of more than 3500 rail assets (embankments and 
cuttings) for active rail lines on the Irish Rail network. Frequency plots are presented for both slope height (in 
meters) and slope angle (in degrees). Scatter plots depicting the relationship between slope height and slope angle 
are also presented. 
Slope heights vary substantially network wide, see Figure 1. This is as expected given that the elevation of the 
natural terrain locally changes much faster than the gradient of railway tracks, therefore cuttings and embankments 
need to be constructed to facilitate gradual elevation change. In the majority of cases it can be seen that the slope 
height is between 2 m to 6 m. This is a consequence of a mostly flat terrain found in the center of the country, across 
which large parts of network pass. While it may seem counterintuitive that a relatively small number of assets have 
heights less than 3m, this is due to Irish Rail recording only assets higher than 3 m, and only those assets’ LiDAR 
data was interrogated. However, after processing the network’s LiDAR info it can be seen that a significant number 
of those pre-recorded assets actually have a height smaller than 3 m. The exaggeration of asset heights by inspectors 
highlights the inherent bias and lack of precision associated with visual surveys.
The distribution of slope angles (Figure 2) shows that the majority of slopes angles fall between 35° and 45°. A 
longer tail on the right edge of the distribution corresponds to the rock slopes with steep and in some cases near 
vertical profiles. One noticeable detail is that there is very small number of slopes with angles of 26.5° or less. This 
is interesting given that 26.5° roughly corresponds to the slope ratio 1:2 (V:H) at which motorway slopes are 
routinely constructed in the glacial soils dominant in Ireland (NRA 2013). The rail slopes were typically built by end 
tipping with little thought given to design or long-term function. 
Fig. 1: Distribution of slope heights.
Fig. 2. Distribution of slope angles.
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Fig. 3. Plot of heights and angles for each slope.
Analysing cutting and embankment heights and angles separately several observations can be made. The height 
of the majority of embankments is between 2.5 and 6m (Figure 4), which is broadly comparable to the situation for 
cuttings (Figure 7). However, the number of embankments with a height above 6 m is much smaller than for cut 
slopes, with a very small number of embankments being higher than 10 m. 
Assessing the distribution of embankment angles (Figure 5) shows a near perfect normal distribution with the 
mean value of approximately 37.3°. Extensive research efforts have been performed to assess the engineering 
properties of Irish glacial tills (Menkiti & Long 2007, Lehane & Faulkner 1998), commonly known as boulder clay, 
which is the dominant soil type across Ireland accounting for nearly 50% of the Irish Subsoil (Fealy 2009). As a 
result it was commonly used as a building material during embankment construction. It is a material characterised 
by high friction angles that range from 34° to 36°. The material is heavily over-consolidated and dense in-situ and 
dilates strongly when sheared. For material placed in embankments and near surface material in cutting, the low 
stress levels can lead to very high-mobilised friction angles. The till is essentially rock powder and exhibits a near 
absence of clay minerals and no natural cementation. This means that significant sections of the network have slope 
angles in excess of their natural internal angles of friction. These slopes therefore rely on matric suctions for 
stability. Matric suctions or negative pore water pressures develop as a result of the physio-chemical reactions when 
air and water exist simultaneously within the soil matrix. All soils that exist above the water table have suctions of 
various magnitudes, the smaller the particle size the larger the suction. Whilst suctions provide additional soil 
strength, these are transient and during rainfall the suctions reduce. As a result, the soil experiences a reduction in 
shear strength that can be critical for over-steep slopes. In light of this and current projections for future climate 
which forecast stronger although less frequent rainfall episodes, it is evident that more research needs to be carried 
out to properly assess the vulnerability of earthworks to such scenarios.
Fig. 4. Distribution of embankment heights.
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Fig. 5. Distribution of embankment angles.
Fig. 6. Plot of heights and angles for each embankment.
Slope geometry statistics for cuttings (Figures 7, 8 and 9) show a distribution similar to that shown for 
embankments but are offset slightly to the right. This is particularly evident when examining slope angles, where a 
significantly higher number of assets in the right hand tail point to the presence of very steep and near-vertical rock 
cuttings. Furthermore the peak or mode of the cutting angles is skewed more to the right than for embankments, 
meaning that there are considerably more steep soil cuttings than embankments on the Irish Rail network. This is 
reflected in the recorded failures from the Athlone division failure database where more than two thirds of all 
reported failures are on cuttings. While the authors acknowledge that cuttings typically have higher water tables than 
embankments and consequently lower suctions, this is still a substantial difference in failure rate.
Fig. 7. Distribution of cutting heights.
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Fig. 8. Distribution of cutting angles.
Fig. 9. Plot of heights and angles for each cutting.
3. The comparison of geometries obtained from visual and remote surveys
While visual surveys are capable of giving extensive and valuable information on asset parameters and slope 
behavior, they are based on the qualitative descriptions of perceived conditions. Data obtained this way is thus
susceptible to both bias errors and severe approximations; this can be seen in slope geometry descriptors such as
slope height and angle. While the visual survey approach is useful to give the broad sense of scale and is sufficiently 
precise for the processes for which data is currently used, an increased level of precision needs to be attained for 
meaningful use within the objective risk model developed. This approach relies on fine differences in the slope 
stability response to create the relative risk rankings of all slopes on the network. The list ranks all assets in the 
network according to the calculated risk, following hazard analysis based on the geotechnical slope stability model 
and subsequent vulnerability analysis (Doherty et al., 2014). As the number of assets is in the thousands, and many 
slopes share broadly similar features, even a small difference in the input data can change the ranking for tens or 
even hundreds of places in the list.
Since geometry has a major influence on slope stability analyses (Baeza & Corominas 2001), and can be obtained 
accurately in a simple cost effective manner, it is interesting to compare the values obtained through visual survey 
and those obtained using LiDAR (data shown in previous section). Unfortunately data from both sources was not 
available for the entire network. Instead, approximately 2000 assets (out of 3500) were used in this comparison. 
Figures 10 and 11 show the comparison between slope heights and slope angle, respectively. For slope heights, it 
can be seen that visual surveys tend to slightly overestimate the height for the section (the largest part) of the 
network with earthworks between 3 and 6 meters in size. Higher earthworks show a more consistent picture, 
possibly due to use of measurement aids for those assets during walkover survey. On the other hand, slope angles 
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show a significant overestimation compared to the LiDAR survey, inferring the difficulties in visual assessment of 
slope steepness. An interesting aspect visible on the graph is that the distribution of slope angles from walkovers is 
almost identical to the one obtained from the remote survey, only shifted to the right by some amount. Further 
database examination was made to establish the average value and standard deviations of both datasets, which is 
shown in Table 1. Difference in average slope height are minor and amounts to only 0.29 m or 6.2% of LiDAR 
surveyed average slope height. Difference in the average slope angle are larger and amounts to 7.26° or 17.3% of 
LiDAR surveyed average slope angle. That shows that the visual assessment of slope heights has higher accuracy 
that visual determining of slope angles.
The standard deviation does not describe the precision of measurements itself, but rather describes the 
distribution of values of all slopes within the network. However, the standard deviations for both visual survey and 
remote surveys are very similar for both geometry parameters observed. That means that both procedures have been 
carried out in a consistent manner.
Fig. 10. Comparison of recorded slope heights.
Fig. 11. Comparison of recorded slope angles.
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                               Table 1. Geometry data comparison statistics.
Data source Average value Standard deviation
Height - visual 4.94 m 2.68 m
Height - LiDAR 4.65 m 2.60 m
Slope angle - visual Û Û
Slope angle - LiDAR Û Û
It is worth bearing in mind that these histograms show an overall trend: a direct comparison between two datasets 
for a single asset can (and often will) show bigger differences than the averaged ones shown in histograms, which 
can significantly affect an asset’s position during the risk ranking process. These graphs also infer that there is a 
relatively high level of uncertainty associated with gathering slope geometry, although it seems like a rather 
straightforward exercise. This prompted the authors to assign a coefficient of variation for geometry inputs in the 
risk model. This exercise also helped to assess the amount of variation expected.
4. Sensitivity analyses
In performing risk analysis across an entire network, very small differences in input data for an asset can result in 
significant differences in risk output, in turn affecting the final ranking of the asset. Geometry input data, in 
particular slope angle, play a critical role here. Sensitivity analyses for the two primary components of risk analysis, 
namely hazard and vulnerability assessments are briefly presented in this section to showcase the sensitivity of the 
model to differences in slope geometry input data.
4.1. Sensitivity analysis of hazard assessment
Hazard assessment within the risk model developed for Irish Rail is designed using a quantitative geotechnical 
approach. It employs probabilistic limit equilibrium based slope stability calculations for three separate failure 
modes: shallow translational, deep rotational and rock wedge failures. The results of the calculations are expressed 
in terms of two key variables: reliability index and the probability of failure. The calculations are executed for an 
idealised, simplified representation of each asset, defined by its geometry and geotechnical parameters obtained 
from the soil type associated to each asset. More information on the risk model and the hazard assessment can be 
found in (Doherty et al. 2014).
The calculations presented here were carried out for two hypothetical assets, chosen to highlight the difference 
between the visually obtained data and the remotely surveyed data, described earlier. Slope angles were set as the 
average values of both approaches (49.29° and 42.03°), while a unique height of 4.94 m was selected for both assets 
to aid the comparison, given that height was shown to be relatively invariant across both approaches. Both assets 
were assumed to be glacial till in nature and used the geotechnical characteristics presented in Table 2. A reliability 
index and a probability of failure for both assets was calculated (Table 3). These values are compared against the 
values calculated for real assets on the Irish rail network and a hypothetical ranking of these two assets is given. It is 
visible that the difference in ranking is almost 550 places, meaning that almost a sixth of all the 3527 assets are 
ranked in between. That is particularly significant when you consider that the difference in Pf between the two assets 
is only one order of magnitude, compared to the entire network which has a range spanning more than 20 orders of 
magnitude. This shows that even a slight deviation in input data can gravely affect the final risk ranking. Therefore 
the need for precision and accuracy of geometric input data cannot be over-emphasised.
Table 2. Ranking of the two hypothetical assets.
Soil type Unit weight Effective 
cohesion c’
Internal angle of 
IULFWLRQĳ¶
Initial suction S Saturated 
permeability ks
ĳb *
Glacial till 19 kN/m3 1 kN/m2 Û 9 kN/m2 1.5x10-6 m/d 30 Û
* angle indicating the rate of increase in shear strength relative to the matric suction
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Table 3. Ranking of the two hypothetical assets.
Data source Reliability index Probability of failure Ranking
Asset 1 – visual data 
+ PĮ 
1.62 0.05278 384
Asset 2 – LiDAR data
+ PĮ 
2.88 0.00196 931
It should be noted that the ranking shown in the table is not the final risk ranking of the assets. Instead it just 
shows the preliminary ranking obtained after the first phase of the hazard assessment. Additional phases include 
additional input data that can help describe each asset in more detail, such as vegetation cover, type of drainage etc. 
The final phase of the hazard assessment, combined with the vulnerability assessment, gives the final risk output.
4.2. Sensitivity analysis of vulnerability assessment
Vulnerability is one of the fundamental components in the evaluation of landslide risk. It may be defined as the 
degree of potential damage, or loss a given element may experience as a result of a landslide of a particular type and 
intensity (Dai 2002, Fell 2005). The aim of vulnerability assessments is to quantify the interaction between a hazard 
event and its subsequent consequence. Typically vulnerability is assigned to an asset through vulnerability factors 
(or indices) presented in a vulnerability matrix (Leone 1996) covering potential scenarios. They are developed 
through a combination of expert opinion and statistical methods derived by examining the consequences of 
historical landslides.
An alternative way of defining vulnerability is through the use of fragility curves. Fragility curves express the 
conditional probability of reaching and exceeding some pre-defined damage level, for various values of landslide 
intensity that can be expressed by a range of intensity measures (Fotopoulou and Pitilakis 2013). In engineered slope
studies they are commonly used to describe infrastructure performance in risk analyses of large transport networks.
The authors have developed fragility curves for rainfall-triggered shallow landslides for transport networks. 
These fragility curves have been developed using the slope response following rainfall as a basis, with infiltrated 
precipitation reducing suctions present in the soil. That results in increase of the probability of failure, calculated 
here using Monte Carlo simulation. Figure 12 shows the family of fragility curves for a “medium” damage state 
(1.2m deep translational failure) for a rainfall event of intensity I = 5 mm/h and durations of up to 24 h. All curves 
have been developed for a glacial till embankment with a range of slope angles 2.5° apart, covering the range in 
which average slope angle values for both visual and remote survey are found. Differences in Pf are shown to be 
very large, especially given the relatively small difference in slope angles, with probability of reaching the damage 
state of 0.06 for 40° slope at the end of the rainfall event, and 0.39 for just 2.5° steeper slope. For a slope with an 
angle of 47.5° a probability of reaching the damage state of 0.95 was found at the end of the rainfall event. These 
results point to the massive influence of simple inputs and consequently the need for accurate and precise 
determination of geometric inputs.
Fig. 12. Fragility curves for a range of slope angle values
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Conclusions
The paper presents a review of slope gemeotries on a rail network determined using visual assessment and 
compares these to values derived from a LiDAR survey performed along the network. It was found that the visual 
assessment over-estimated both the slope height and slope angle along the network. The effect of any such over-
estimate on the resulting risk analysis and raking was highlighted. In the final section a method vulnerability 
assessment using a fragility curve approach is proposed. The approach allows the effect of slope angle on 
vulnerability to be demonstrated clearly.
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